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Abstract 
Fatigue is one of the most common failure modes of structures and components. The prediction of fatigue crack propagation in real 
structures must take into account realistic boundary conditions. The purpose of this paper is to describe a technique for modelling 
fasteners through FEM global structure modelling and using the model for stress state analyses and crack growth prediction. The 
consideration of fastener stiffness during stress analysis is an integral part of the damage tolerance philosophy. The FASTRAN 
retardation model with a load sequence simulating the real operational service of an aircraft structure was used for crack growth 
prediction. 
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1. Introduction 
Typical fastener elements used in the aircraft industry include rivets and bolts. The stiffness and strain 
characteristics of fastener elements can be obtained as follows: 
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• By testing specimens that are geometrically, mechanically, and technologically similar to real aircraft 
structures  
• By performing numerical simulation with contact analysis 
• By finding analytical solutions 
One of the methods used for measuring fastener properties is testing a single lap shear joint.  
Figure 1 compares the experimental and numerical simulation results for a single lap shear specimen composed of 
metal and composite components connected by a mechanical joint. 
 
                   
a)       b) 
Fig. 1: Comparison of experimental and numerical simulation results obtained using detailed contact model of fastener composed of 2D and 3D 
elements (a) [2]. Typical damage of composite part when mechanical joint connects metal and composite materials (b) [1]. 
 
A detailed FE model can be used to assess fastener stiffness. For a composite material in particular, it is important 
to use a 3D modelling technique, as illustrated in Figure 1. However, from the point of view of global structure 
modelling, this technique is problematic in terms of the number of elements and the computational time required. 
2. Fastener stiffness 
Many analytical solutions for determining fastener stiffness were reported by literature [2]. A general form of the 
solutions is shown below: 
 
GR=GR (F, d, t1, t2, E1, E2, Es)         (1) 
 
These solutions are based on the geometrical (t = thickness, d = diameter) and material (E = Young’s modulus) 
characteristics of joint elements and fastener (R means rivet). 
Figure 2a shows the geometry of a single shear lap rivet joint. Figure 2b compares the analytical solutions [3] and 
experimental measurements for a typical rivet joint of aircraft wing. Non-linear behaviour and the effect of load history 
over a 1-kN load are shown in Figure 2b. The value of fastener stiffness was used for analyses of displacement of 
connected parts and application for numerical simulation. 
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a)        b) 
Fig. 2: Geometry of a single shear lap rivet joint (a) and comparison between test data (points) and analytical solutions (b) [3]. 
3. Proposed technique for modelling of fastener 
In general, an FE model is limited by the density of the finite element mesh employed, which must be fine near a 
crack tip and coarse in the other parts of the model. This limitation is due to the computational time required to 
generate a solution because the geometry of the crack tip changes during crack propagation. From this point of view, 
models based on the spring element BUSH of the commercial FE codes have been proposed. Because the stiffness of 
elements of this type of model depends on the local mesh density, a technique based on stiffness assessment using an 
FE model of a single shear rivet joint is designed for cases in which an analytical or experimental displacement 
parameter is known. For accurate modelling, it is important for the mesh densities of the global FE model and the FE 
model used for stiffness assessment to be equal. The proposed model, boundary conditions, and technique used for 
stiffness assessment are illustrated in Figure 3.  
This technique can be used to assess the load versus displacement characteristics for a displacement parameter that 
exhibits non-linear behaviour because this type of element is also considered a non-linear spring. 
a)        b)  
Fig. 3: Geometry, boundary conditions, (a) and schematic of technique (b) used to assess equivalent stiffness of fastener element.  
4. Application to real aircraft structure 
The proposed technique is suitable for detailed analyses of large aircraft structures, especially, for damage tolerance 
analysis by next-generation FE model modifications. 
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Figures 4 show the application of damage tolerance assessment to a lower wing skin connection. The proposed 
technique of stiffness rivet modelling was used to determine the rivet load distribution between the skin and other 
parts such us stringers, flange plates, and overlaps.  
A part of the wing was modelled for the following purposes: 
• To propose and verify the design of the test specimen for fatigue testing. 
• To assess critical points and optimize the design. 
• To calculate the fracture mechanical properties of and thereby predict fatigue crack growth and determine 
the time required for inspection 
 An FE model was prepared using the FEMAP [4] code for analysis using the NASTRAN [5] FE program. 2D shell 
elements with isotropic material properties were used. The fasteners were modelled by the technique described in 
Section 3 using BUSH elements with stiffness tuning of the local mesh size. The local mesh size was approximately 
5 mm. 
 
Fig. 4: Proposed FE model of lower skin panel  
 
An analytical method was used for fastener stiffness assessment. Figure 5 compares the analytical models for 
typical connection dimensions (fastener diameter and thickness of the connecting part). 
The analytical method proposed by Swift [2] was implemented to assess the fastener stiffness and equivalent 
stiffness using the proposed global FE model. The global FE model was constrained according to the boundary 
conditions of the wing, i.e., symmetry in the XY plane and fixing translation in the Y direction along the position of 
the ribs and spar web. For loading, a unit stress of 1 MPa was applied at the centre of the specimen by providing 
displacement in the Z direction along the specimen cross section. Figure 6a shows the numerical simulation results on 
the global FE model. Based on the calculated load of the rivets and stress analyses, the critical area required for crack 
growth was determined. Figure 6b shows the results of stress and fastener loading on the global FE model. 
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Fig. 5: Comparison of results of analytical methods for fastener stiffness assessment [2] 
 
 
 
a)         b)     
Fig. 6: Contour map of stress analyses in megapascals (a) for proposed FE model and location of critical area for assessment of crack growth 
prediction (b) 
 
CRAC2D elements from commercial NASTRAN FE code were used to assess the stress intensity factor in the 
critical area. The local mesh density was increased to predict the crack growth. The VZLU macrocode built in the 
FEMAP application programming interface [6] was used for the application of CRAC2D elements [7].  
The scenario of probable crack growth propagation is based on the recommendations of JSSG 2006 [8]: 
1. The primary crack starts from the fastener hole (T1) in integral stringer No. 3 (corner crack, R = 1.3 mm), 
including the load from the fastener. 
2. The secondary crack (T2) propagates in integral stringer No. 3 (starting from corner crack, R = 0.13 mm) – 
independent increase in the length of the crack for time or cycles calculated for the opposite primary crack. FE 
calculation starts from the through crack whose length corresponds to the thickness of the stringer. 
3. The through crack of the secondary crack (T2) continues to grow on the skin after damage of stringer No. 3 
(presumption of through symmetry crack growth from dimension 2a = 6.3 mm). 
 
Rib 
Additional web 
Integral 
stringer 
No.3 
Overload fastener 
140   Radek Doubrava /  Procedia Engineering  101 ( 2015 )  135 – 142 
 
Figure 7 shows the proposed scenario of crack growth from a fastener hole in the critical area. 
 
 
Fig. 7: Cross section of critical area and proposed scenario of fatigue crack growth propagation (all dimensions are in millimetres) 
5. Stress state analyses 
The value of the stress intensity factor obtained from FE analyses was recalculated using the beta shape function 
in AFGROW [9] via the following relation: 
 
ߚ ൌ ܭூȀߪξߨܽ (2) 
 
Figure 8 shows the beta function calculated for the critical area. For studying corner crack growth propagation, an 
analytical function that includes a crack growth prediction code such as AFGROW [9] can be used. The fastener load 
determined using the proposed technique is an important input to be considered for the bearing load in the analytical 
model. 
 
     
a)        b) 
Fig. 8: Beta function determined from combination of analytical functions and results from global FE model at start of crack propagation from 
fastener hole (a) and propagation of geometry symmetry (left and right direction) through crack on skin (b) 
6. Material model for crack growth prediction 
The integral lower skin panel is made from 7475-T7351 material. On the basis of reference [10], the FASTRAN 
retardation model was used for the assessment of fatigue crack growth prediction. 
The input material parameters for the FASTRAN retardation model are as follows: 
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– Static strength (ultimate and yield stresses) 
– Crack growth rate as a function of the effective stress intensity factor measured under constant amplitude 
loading and supplemented by data from the presented fractographic analysis 
– Fracture toughness 
On the basis of the test analysis, the Paris law coefficient of the 7475-T7351 material shaped in the form of a 76-
mm-thick plate was determined [11]: 
 
da/dN = 1.92321*10-10 * (Keff) 3.134   (3) 
 
A previous paper [11] reported the calculated parameters of crack propagation in a 76-mm-thick plate made of 
7475-T7351 material loaded in the longitudinal direction (LT) for use in the FASTRAN crack retardation model of 
AFGROW [9]. The characteristics of the transition zone between the tensile and shear modes of the fatigue crack are 
determined on the basis of fractographic analysis of the fracture surfaces of the specimens used for the measurement 
of the speed of crack propagation. Typical speeds for the transition zone boundary mode violations range from 
5.3819e-7 m/wave (beginning zone) to 2.001728e-5 m/wave (end zone) [11]. 
For understanding the influence of the retardation model, comparative analyses of crack growth prediction with 
and without retardation influence were performed. 
7. Load sequence 
The load sequence was designed to simulate the real operational service of an aircraft (Figure 9). Only one 
parametric spectrum was available, so the test sequence was designed in block form for each phase of a typical flight: 
take off; flight; and landing, including the landing impact, wheel rebound, braking, cornering, and the phase after 
landing on the ground with the landing weight. A previous paper [12] presents the build sequence for simulating the 
full-load operating conditions of a small transport aircraft, which is assembled with an estimated life of 30,000 
operating hours. One repeat sequence covers 3000 flight hours. Figure 15 shows the generated load sequence using 
AFGROW for the assessment of fatigue crack growth prediction. 
 
Fig. 9: Load sequence in block form used for crack growth prediction [12] 
 
8. Results of fatigue crack growth prediction 
The AFGROW [9] code was used for crack growth prediction. The fastener load determined using the proposed 
technique is an important input to be considered for the bearing load in the analytical model. 
Figure 10 shows the results of fatigue crack growth prediction in the lower skin panel. The results are presented in 
terms of the growth curve.  
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a)                                                                         b) 
Fig. 10: Crack growth curve for initial phase of growth from rivet hole in integral stringer (a) and for crack growth in skin (b) (dashed curve = no 
retardation model, full curve = FASTRAN retardation model). Crack labelling is shown in Figure 7. 
 
The results in Figure 10 show the important effects of applying retardation in fatigue crack growth prediction. The 
effects of retardation confirm the sensitivity of this model to real structure geometry changes, e.g., increase in crack 
speed near the drain hole or decrease in crack speed before the integral stringer. The effect of retardation is significant 
in long cracks.  
9. Conclusion 
This paper describes a technique for modelling fasteners; the technique uses an FE model for predicting fatigue 
crack growth propagation. This technique considers the significant effect of fastener stiffness on the prediction of 
fatigue crack growth. The inclusion of the fastener and the fastener stiffness in predicting the critical area required 
for crack growth is important under the effects of a bearing load and the surrounding structure. 
The application of the FASTRAN retardation model, which was verified by testing [10], resulted in improved 
assessment of the fatigue behaviour and detection of important inputs for determining service inspection intervals. 
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